PGR5 Is Involved in Cyclic Electron Flow around Photosystem I and Is Essential for Photoprotection in Arabidopsis  by Munekage, Yuri et al.
Cell, Vol. 110, 361–371, August 9, 2002, Copyright 2002 by Cell Press
PGR5 Is Involved in Cyclic Electron Flow
around Photosystem I and Is Essential
for Photoprotection in Arabidopsis
port from photosystem II (PSII) to the cytochrome b6f
complex (reviewed in Bendall and Manasse, 1995).
Cyclic electron flow around PSI was first discovered
based on its coupling with ATP synthesis approximately
50 years ago (cyclic phosphorylation) (Arnon et al., 1954,
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thesis. Due to its unknown significance and perhaps theJapan
lack of definitive methods for its evaluation (Bendall and
Manasse, 1995), cyclic electron flow around PSI has
long been overlooked especially in C3 plants, where theSummary details of the process have yet to be established.
The generation of pH also induces downregulation
During photosynthesis, plants must control the utiliza- of PSII photochemistry under excessive light conditions
tion of light energy in order to avoid photoinhibition. in addition to its role in ATP synthesis. This process
We isolated an Arabidopsis mutant, pgr5 (proton gradi- is called “thermal dissipation” because excessive light
ent regulation), in which downregulation of photosys- energy is safely dissipated as heat from PSII, therefore
tem II photochemistry in response to intense light was avoiding the production of triplet chlorophylls that react
impaired. PGR5 encodes a novel thylakoid membrane with molecular oxygen. Thermal dissipation is induced
protein that is involved in the transfer of electrons from by acidification of the thylakoid lumen (pH generation),
ferredoxin to plastoquinone. This alternative electron which depends on the photosynthetic electron trans-
transfer pathway, whose molecular identity has long port. This implies that the electron transport is feedback
been unclear, is known to function in vivo in cyclic regulated via thermal dissipation. Under stress condi-
electron flow around photosystem I. We propose that tions, such as those produced by low temperature,
the PGR5 pathway contributes to the generation of a drought, and nutrient depletion, the utilization of the
pH that induces thermal dissipation when Calvin cy- reducing power in CO2 fixation is limited. Limitation of
cle activity is reduced. Under these conditions, the electron acceptance from PSI suppresses electron
PGR5 pathway also functions to limit the overreduc- transport activity. The important physiological question
tion of the acceptor side of photosystem I, thus pre- of how pH is maintained under such conditions has
venting photosystem I photoinhibition. not yet been answered. It is possible that alternative
electron transport pathways, including cyclic electron
flow around PSI, can induce thermal dissipation underIntroduction
these conditions, given that these pathways are inde-
pendent of energy utilization (Heber and Walker, 1992;Light energy is converted into chemical energy by the
Niyogi, 1999). The idea of cyclic electron flow aroundfunction of two photosystems located in the chloroplast
PSI has been revived due to its possible function inthylakoid membranes. They operate in tandem to pro-
photoprotection (Bendall and Manasse, 1995; Heberduce a linear flow of electrons from H2O to NADP while and Walker, 1992).accumulating reducing power in the forms of reduced
Interestingly, the chloroplast genome of higher plantsferredoxin or NADPH in the stroma. At the same time,
contains eleven genes encoding homologs of a mito-
electron transport through the cytochrome b6f complex, chondrial respiratory complex, NDH (Matsubayashi et
an intermediate between the two photosystems, gener-
al., 1987). Chloroplast reverse genetics has helped to
ates a proton gradient across the thylakoid membrane assess the possibility that the chloroplastic NDH com-
(pH) that is utilized in ATP synthesis. These first stable plex catalyzes the electron flow from NAD(P)H to plasto-
products of photosynthesis are used in various meta- quinone and functions in cyclic electron flow around
bolic reactions, including CO2 fixation. In addition to this PSI (Burrows et al., 1998; Shikanai et al., 1998), as in
linear electron transport, ATP can be produced from cyanobacteria (Ogawa, 1991; Mi et al., 1995). Although
cyclic electron flow around photosystem I (PSI), wherein chloroplastic NDH catalyzes such electron flow, the
electrons are recycled from reduced ferredoxin or complete disruption of genes encoding the NDH com-
NADPH to plastoquinone functioning in electron trans- plex did not affect photosynthesis, at least under green-
house conditions (Burrows et al., 1998; Shikanai et al.,
1998). However, NDH may be redundant with another4 Correspondence: shikanai@bs.aist-nara.ac.jp
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pathway of cyclic electron flow around PSI, the anti-
mycin A-sensitive, ferredoxin-dependent pathway
(Endo et al., 1998; Joe¨t et al., 2001). This idea is sup-
ported by evidence that cyclic electron flow around PSI
was first recognized as a ferredoxin-dependent plasto-
quinone reduction (FQR) activity in vitro (Tagawa et al.,
1963; Mills et al., 1979). Although FQR possibly catalyzes
the main pathway of cyclic electron flow around PSI
rather than NDH in higher plants, the molecular identity
of FQR has not been revealed so far. Present under-
standing on cyclic electron flow around PSI has in-
creased only marginally from the time the original con-
cept was established, some 40 years ago.
Our concept is that the defect in the main pathway
of cyclic electron flow around PSI should cause the
insufficient pH generation, leading to the reduced in-
duction of thermal dissipation under excessive light con-
ditions. Induction of thermal dissipation can be moni-
tored by the high chlorophyll fluorescence at high light
intensity (Krause and Weis, 1991), which can be utilized
in the isolation of Arabidopsis thaliana mutants affecting
the induction of thermal dissipation (Shikanai et al.,
1999). Here, we describe one of the mutants, pgr5 (pro-
ton gradient regulation), displaying the high chlorophyll
fluorescence at high light intensity. The PGR5 gene en-
codes a novel protein involved in the cyclic electron
flow around PSI playing a central role in the acidification
of the thylakoid lumen, thus inducing thermal dissipa-
tion. We provide evidence that PGR5 functions in the
photoprotection of PSI under conditions of acceptor
side limitation, by draining electrons trapped in PSI.
Figure 1. Characterization of pgr5
(A) High chlorophyll fluorescence phenotype of pgr5. Dark-adaptedResults
seedling of the wild-type (wt), pgr5, and pgr5 transformed with the
wild-type genomic PGR5 sequence (T2) were illuminated at 300
Electron Transport Was Restricted Specifically E/m2s for 1 min, and then a chlorophyll fluorescence image was
at High Light Intensity in pgr5 captured by a CCD camera.
(B) Light intensity dependence of the relative electron transport rateSteady-state chlorophyll fluorescence captured by a
(ETR) in pgr5 and the wild-type leaves. ETR was represented ascharge-coupled device (CCD) camera was compared
relative values of the maximum ETR in the wild-type (100%).between the wild-type and pgr5 at a light intensity of
Means  SD (n  3).300 E/m2s (Figure 1A). Light energy absorbed by light-
(C) Light intensity dependence of nonphotochemical quenching
harvesting pigments is transmitted to the PSII reaction (NPQ) of chlorophyll fluorescence in pgr5 and the wild-type leaves.
center, where a small part of energy is emitted as chloro- Means  SD (n  3).
(D) Light intensity dependence of the P700 oxidation ratiophyll fluorescence. The fluorescence level is indicative
(A/Amax) in pgr5 and the wild-type leaves. Means  SD (n  3).of the excitation state of PSII reaction center and thus
(E) P700 oxidation ratio at a light intensity of 800 E/m2s in thelowered by the utilization of light energy (photochemical
presence (MV) or the absence (MV) of methyl viologen. Methylquenching). At high light intensity, excitation energy of
viologen (2 M) was infiltrated into leaf disks prior to the analysis.
chlorophyll molecules in antennae is dissipated as heat Means  SD (n  3).
(thermal dissipation) and is not transmitted to the reac-
tion center. This regulatory process induces the quench-
ing of chlorophyll fluorescence and is the main cause nal, which is utilized in the calculation of each parameter
(see Experimental Procedures for details). The relativeof nonphotochemical quenching (NPQ) in higher plants
(Krause and Weis, 1991). Although chlorophyll fluores- electron transport rate (ETR) through PSII was not af-
fected in pgr5 at low light intensities below 100 E/m2scence was lowered in the wild-type, pgr5 still emitted
a high level of chlorophyll fluorescence under the same (Figure 1B) and is consistent with the normal growth
rate at 50E/m2s. However, the ETR was near saturationlight conditions (Figure 1A). With respect to seedling
size, pgr5 showed normal photoautotrophic growth point at 300 E/m2s in the wild-type and was saturated
at 100 E/m2s at the lower level (60% of the maximumwhen growing on soil at a low light intensity (50 E/m2s).
Photosynthetic electron transport was characterized ETR in the wild-type) in pgr5 (Figure 1B).
NPQ was induced with an increase in light intensity inin detail by comparing the light intensity dependence
of chlorophyll fluorescence parameters between pgr5 the wild-type; however, this induction was significantly
reduced in pgr5 (Figure 1C). NPQ is caused mainly byand the wild-type using pulse-amplitude modulated
(PAM) chlorophyll fluorometry (Figures 1B and 1C). PAM the thermal dissipation of excitation energy from PSII,
which is triggered by lumenal acidification. This pH-facilitates quantitative analysis of the fluorescence sig-
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dependent NPQ is characterized by its rapid relaxation Table 1. Quantum Yield of PSII (PSII) in the Ruptured Chloroplasts
kinetics, occurring within 3 min in the dark. Although a
PSIIsmall amount of NPQ (0.8) was induced in pgr5 at 800
E/m2s, it failed to relax within 3 min in the dark (data Genotype (Acceptors) 50 E/m2s 200 E/m2s
not shown), indicating that the NPQ formed in pgr5 did
Wild-type (MV) 0.52  0.03 0.21  0.03not depend on pH. The remaining NPQ in pgr5 may
pgr5 (MV) 0.50  0.04 0.19  0.01
possibly be due to photoinhibition and/or the movement Wild-type (FdNADP) 0.48  0.02 0.17  0.01
of peripheral light-harvesting antennae from PSII to PSI pgr5 (FdNADP) 0.49  0.02 0.20  0.02
(state transition). Thermal dissipation is induced by the
acidification of the thylakoid lumen, which is caused by
the transport of electrons through the cytochrome b6f
To confirm that PSI activity in pgr5 is unaffected, linearcomplex. The induction of thermal dissipation is im-
electron transport to NADP was measured in rupturedpaired, most likely by the restricted electron transport
chloroplasts with exogenous electron acceptors (Tablerate at high light intensity. This situation was evident
1). The electron transport rate was estimated as thein the cytochrome b6f mutant, pgr1, characterized by
quantum yield of PSII (PSII), which is calculated fromMunekage et al. (2001).
chlorophyll fluorescence parameters (Genty et al., 1989).
When MV was added as an artificial electron acceptor,Electron Acceptance from PSI Was Conditionally
the PSII was identical in pgr5 and the wild-type at lightImpaired in pgr5
intensities of 50 E/m2s and 200 E/m2s. FerredoxinTo specify the pgr5 defect in photosynthetic electron
and NADP were also added to mimic in vivo electrontransport, it is informative to monitor the electron flow
transport conditions. The PSII remained unchanged inthrough PSI during steady-state photosynthesis, as well
pgr5 at both light intensities. We conclude that the PSIas that through PSII monitored by chlorophyll fluores-
activity, including electron donation to ferredoxin andcence (Figures 1B and 1C). Figure 1D shows the redox
subsequent NADP reduction, is not affected in pgr5.state of the PSI reaction center (P700) in the light. P700
is reduced in the dark, but is oxidized to P700 by PSI
photochemistry in the light. Oxidation can be monitored PGR5 Encodes a Novel Protein Associated
by absorbance changes at 830 nm (Schreiber et al., with Thylakoid Membranes
1988). We examined the light intensity dependence of The pgr5 mutation was mapped to the north region of
the P700 oxidation ratio (A/Amax) in the wild-type chromosome II, between the molecular markers RNS1
and pgr5 (Figure 1D). The maximum level of P700 and SNP184 (Figure 2A). Genomic sequences of genes
(Amax) was determined by far-red light illumination, containing predicted plastid-targeting signals (pre-
which preferentially activates PSI photochemistry. In the dicted by Predotar; http://www.inra.fr/Internet/Produits/
wild-type, P700 was oxidized at a close to linear rate Predotar/) from pgr5 and the wild-type were compared.
with increasing light intensity. This is due to the down- A nucleotide substitution was found in the second exon
regulation of PSII photochemistry (thermal dissipation) of the gene (At2g05620/T20G20.3 in Figure 2A). The mu-
and the restriction of electron transport at the cyto-
tation led to an amino acid substitution from glycine to
chrome b6f complex. The P700 redox state was indistin- serine. At2g05620 encodes a protein consisting of 133
guishable between pgr5 and the wild-type at light inten-
amino acids with a predicted molecular mass of 14 kDa.sities below 100 E/m2s; however, it was dramatically
Highly homologous proteins were found in other photo-lowered with increasing light intensities in pgr5 (Fig-
synthetic organisms, including soybean, rice, volvox,ure 1D).
Chlamydomonas, and Synechocystis PCC6803 (FigureThe low P700 oxidation ratio in pgr5 may be caused
2B), but not in nonphotosynthetic organisms such asby the reduction of P700 by electrons that have re-
Escherichia coli and yeast. The program ChloroP 1.1turned from a series of acceptor side electron carriers
(http://www.cbs.dtu.dk/services/ChloroP/) predictedin PSI (A0, A1, FX, and FA/FB). This phenomenon is referred
the cleavage site of the transit peptide to be after theto as a charge recombination of P700 and is caused
44th amino acid.by the overreduction of electron acceptors from PSI,
To confirm that the pgr5 phenotype was due to theferredoxin, and NADP (Endo et al., 1999). A charge
mutation in At2g05620, pgr5 was transformed with therecombination of P700 can also be caused by a nonfunc-
wild-type genomic sequence of At2g05620. The normaltional acceptor chain in PSI (Golbeck and Bryant, 1991).
chlorophyll fluorescence level was restored in the trans-In the former case, the P700 level can be restored by
formant lines (T2 in Figure 1A). Restoration of the normalthe addition of methyl viologen (MV), which is an artificial
electron transport activity was also confirmed by analy-electron acceptor from PSI. We used MV at a low con-
sis of PAM chlorophyll fluorometry and the P700 oxida-centration (2 M) to avoid the possibility of direct elec-
tion ratio in the light (data not shown).tron acceptance from P700 (Sonoike and Terashima,
To characterize the gene product PGR5, antibodies1994). In the presence of MV, the P700 oxidation ratio
were raised against a synthetic oligopeptide of PGR5.in pgr5 was similar to that in the wild-type at a light
Western analysis revealed a 10 kDa protein, which wasintensity of 800 E/m2s (Figure 1E). The chlorophyll fluo-
absent in pgr5 (Figure 2C, lanes 1 and 2). In comple-rescence parameters, ETR and NPQ, were also restored
mented pgr5 mutant lines, the 10 kDa protein was pres-by adding MV (data not shown). These results indicate
ent (Figure 2C, lane 3), confirming that the signal corre-that limited electron acceptance from PSI caused a
sponded to PGR5. The 10 kDa peptide is consistentcharge recombination of P700 in pgr5 rather than a non-
functional acceptor chain in PSI. with the predicted mature form of PGR5 (9.8 kDa) minus
Cell
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Figure 2. Map-Based Cloning of pgr5
(A) pgr5 was mapped between the molecular
makers RNS1 and SNP184 on chromosome
2 using 340 F2 plants. Open boxes represent
bacterial artificial chromosome clones. PGR5
was the gene At2g05620 (T20G20.3). A single
nucleotide substitution was found in the sec-
ond exon of At2g05620, leading to an amino
acid substitution from glycine 130 to serine.
Closed boxes represent exons.
(B) Alignment of the amino acid sequences
of PGR5 homologs. Shaded sequences are
conserved among PGR5, the PGR5 homologs
from soybean, rice, Chlamydomonas, and
volvox, and Synechocystis PCC6803. The as-
terisk indicates the pgr5 mutation site. An
arrow indicates the predicted cleavage site
of the transit peptide.
(C) Western analysis of PGR5. Total proteins
from the wild-type (lane 1), pgr5 (lane 2), and
pgr5 transformed with the wild-type se-
quence (lane 3) were applied. Total chloro-
plast proteins were extracted from the wild-
type (lane 4) and then fractionated into the
thylakoid membrane (lane 5) and the stroma
(lane 6). Sample loading was standardized by
chlorophyll content (2.0 g).
its transit sequence (Figure 2B). Although the pgr5 muta- transport activity to NADP via ferredoxin was not af-
tion leads to a minor amino acid substitution from gly- fected (Table 1). The normal photoautotrophic growth
cine to serine, the mutated form of PGR5 is unstable in rate in pgr5 (Figure 1A) suggests that PGR5 is not in-
vivo (Figure 2C, lane 2). volved in the main pathway of photosynthetic electron
Chloroplasts purified from wild-type leaves were sub- flow to CO2. PGR5 may function in alternative electron
jected to Western analysis. When the sample load was transport pathways, which become important when
standardized for chlorophyll content, an equal signal electron acceptance by NADP is limited. To assess
intensity of PGR5 was detected for total leaf proteins this possibility, alternative electron flow capacity was
and chloroplast proteins (Figure 2C, lanes 1 and 4). The estimated based on the level of P700 under artificial
result confirms that PGR5 is present in chloroplasts. To air conditions (Figure 3). In CO2-free air, inhibition of
determine the PGR5 localization in chloroplasts, chloro- CO2 assimilation leads to depletion of NADP, which
plast preparations were further fractionated into soluble stimulates alternative electron transport activity. We
proteins (stroma fraction) and thylakoid membranes. also measured the P700 level in N2 gas (CO2- andThe PGR5 signal was detected in the thylakoid mem-
O2-free air), where O2-dependent alternative pathways,brane but not in the stroma fraction (Figure 2C, lanes 5
including photorespiration and electron transport to O2and 6). From this result we conclude that PGR5 is a
(water-water cycle), were inhibited. Photorespiration in-thylakoid membrane protein. Computer-aided analysis
volves an unnecessary consumption of NADPH and ATPfailed to reveal a transmembrane region in PGR5, sug-
due to the oxygenase activity of ribulose 1,5-bisphos-gesting that PGR5 associates with the thylakoid mem-
phate carboxylase/oxygenase under certain conditions.branes peripherally or via interaction with other thyla-
Such activity causes a relaxation in the overreductionkoid membrane proteins.
of the stroma (Kozaki and Takeba, 1996). The water-
water cycle is triggered by the photo-reduction of O2 toPGR5 Functions in Alternative Electron
superoxide, which can also act as an alternative electronTransport from PSI
acceptor from PSI (reviewed in Asada, 1999). Since bothIn pgr5, electron acceptance from PSI was impaired
specifically at high light intensity. However, the electron O2-dependent pathways are inhibited in N2 gas, we have
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be evaluated as a decrease in AmaxAL/AmaxFR. In this
assay, we used a low actinic light intensity (50 E/m2s)
at which electrons are predominately used for CO2 fixa-
tion in the air.
In air, AmaxAL/AmaxFR was approximately 1 in both
the wild-type and pgr5, indicating that electron ac-
ceptors from PSI were not limited in both plants (Figure
3B). In CO2-free air, acceptor limitation was not observed
in the wild-type (AmaxAL/AmaxFR 1), indicating elec-
trons were drained via an alternative electron transport
from PSI. However, in pgr5, the AmaxAL/AmaxFR was
lowered to 0.6, indicating electrons were trapped for a
longer period of time in PSI due to the reduced activity
of the alternative electron transport. In N2 gas, acceptor
limitation was observed even in the wild-type (AmaxAL/
AmaxFR  0.5), indicating that O2-dependent pathways
function as significant electron acceptors from PSI in
CO2-free air. If the pgr5 is defective in O2-dependent
alternative electron transport pathways, the levels of
AmaxAL/AmaxFR in N2 gas should be identical between
pgr5 and the wild-type. However, electron acceptors
were more severely limited in pgr5 (AmaxAL/AmaxFR
0.3) than in the wild-type.
To confirm that PGR5 functions in the alternative elec-
tron flow from PSI, O2-free air was supplemented with
a high concentration (0.5%) of CO2. Under these condi-
tions, electrons were preferentially used for CO2 fixation,
and electron acceptance from PSI was almost com-
pletely restored in both the wild-type and pgr5 (AmaxAL/
AmaxFR  0.9). These results indicate that pgr5 is de-Figure 3. Analysis of Alternative Electron Flow Activity
fective in at least the O2-independent alternative path-
(A) Strategy to determine the capacity of alternative electron flow. way. The contribution of the PGR5-related alternative
The limitation of electron acceptors from PSI was evaluated by
pathway(s) is physiologically significant in draining elec-reduction in the P700 level. Representative absorbance changes
trons from PSI under acceptor-limiting conditions, suchat 830 nm are shown in a wild-type leaf in the air. Xenon flashes
of saturating light (SF) were applied to monitor Amax during the as in CO2-free air.
illumination period of actinic light (AmaxAL) and far-red light
(maxFR). A white bar under graphs indicates the periods of illumina- Cyclic Electron Transport around PSI Was
tion with actinic light (AL, 650 nm, 50 E/m2s) or far-red light (FR,
Impaired in pgr5720 nm, 0.66 E/m2 s), and a black bar indicates darkness.
The most likely alternative pathway involving PGR5 is(B) Limitation of electron acceptance from PSI was evaluated from
AmaxAL/AmaxFR in the wild-type and pgr5 in the air, CO2-free air, the cyclic electron flow around PSI, which mediates
N2 gas, and high-CO2 air (0.5% CO2 and O2-free air). Means  SD the electron transport from ferredoxin to plastoquinone
(n  6). (Figure 4A). To assess this possibility, the cyclic electron
transport activity of donating electrons to plastoquinone
from ferredoxin was assayed with ruptured chloroplastsbeen able to estimate the capacity of O2-independent
pathways, including cyclic electron flow around PSI. in the dark. Plastoquinone reduction was monitored as
an increase in chlorophyll fluorescence emitted by theThe strategy for determining the capacity of alterna-
tive electron flow estimated from the P700 level is rep- exposure of light with a very low intensity (1.0E/m2s). At
this light intensity, the fluorescence level predominatelyresented by the pattern that the wild-type produces in
the air (Figure 3A). A saturating xenon flash of 50 ms reflects the reduction of plastoquinone by cyclic elec-
tron transport from ferredoxin, not by PSII photochemis-(SF) will instantly oxidize P700 to a high level by PSI
photochemistry. This is followed by the rapid reduction try. While the addition of NADPH induced only a slight
increase of chlorophyll fluorescence in the wild-type,by electrons from PSII, and subsequently the steady-
state oxidation level is gradually restored. The top of the addition of ferredoxin induced a significant increase
with relatively fast kinetics (t 22 s; t is the time requiredthe peak generated by SF represents the maximum
P700 level during actinic light (AL) illumination to reach the maximum reduction level) (Figure 4B). In
this assay system, NADPH is essential for electron dona-(AmaxAL). When electron acceptors from PSI (oxidized
ferredoxin or O2) are limited during actinic light illumina- tion to ferredoxin via the reverse reaction of ferredoxin-
NADP reductase (FNR) (Miyake and Asada, 1994). Intion, the maximum P700 level decreases due to elec-
trons returning from acceptor side electron carriers in contrast, the increase in chlorophyll fluorescence was
slower in pgr5 (t  38 s) and was achieved at a muchPSI (A0, A1, FX, and FA/FB). In contrast, a xenon flash
under the weak, far-red light (FR) background will cause lower level. These results indicate that ferredoxin-plas-
toquinone reductase activity was impaired in pgr5.the full oxidation of P700 (AmaxFR) (Endo et al., 1999).
Thus, the limitation in electron acceptors from PSI can There is physiological evidence that antimycin A inhib-
Cell
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Figure 5. Reciprocal Western Analysis of Protein Stability in Mu-
tantsFigure 4. Electron Donation to Plastoquinone in Ruptured Chloro-
plasts (A) Immunodetection of PGR5 in photosynthetic mutants, dpa1 lack-
ing plastid F1F0 ATPase, hcf118 lacking the cytochrome b6f complex,(A) Schematic model of electron flow from NADPH to plastoquinone
hcf101 lacking PSI, and hcf107 lacking PSII (Meurer et al., 1996).(PQ) via ferredoxin (Fd) in this assay. Abbreviations: Cyt. b6f, cyto-
The lanes were loaded with 10 g protein (100%), and a series ofchrome b6f complex; PC, plastocyanin.
reductions as indicated.(B) Increases of chlorophyll fluorescence by addition of NADPH
(B) Accumulation of PSII subunits (D2, CP43, PsbO, and PsbP), the(0.25 mM) and ferredoxin (Fd, 5 M) under the illumination of weak
cytochrome b6f complex subunit (Cyt b6, Rieske, and subunit 4), ormeasuring light (1.0 E/m2s) were monitored in osmotically ruptured
a PSI subunit (PsaE) in pgr5.chloroplasts (20 g chlorophyll/ml) of the wild-type (wt) and pgr5.
Ruptured chloroplasts were incubated with 10 M antimycin A
(WT  AA and pgr5  AA) before the measurement.
independently of the major complexes of the photosyn-
thetic electron transport.
We also performed reciprocal Western analysis toits cyclic electron transport activity (Arnon et al., 1967;
evaluate the stability of the major photosynthetic com-Mills et al., 1979). To assess the possibility that antimycin
plexes in pgr5 (Figure 5B). Accumulation of PSII subunitsA could mimic the pgr5 phenotype, we analyzed the
(D2, CP43, PsbO, and PsbP), those of the cytochromeeffects of antimycin A in our assay system. The kinetics
b6f complex (Cyt b6, Rieske, and subunit 4), or a PSIof plastoquinone reduction were impaired by adding
subunit (PsaE) were not affected in pgr5. This is consis-antimycin A. The increase in chlorophyll fluorescence
tent with the results indicating that linear electron flowwas delayed significantly in a wild-type background (t
was not affected in pgr5 (Table 1). Together with the79 s), mimicking the delay seen in pgr5, although the
immunological data (Figure 5A), the results describedfinal reduction level was higher (Figure 4B). In pgr5, the
above led us to conclude that PGR5 can stably accumu-kinetics of plastoquinone reduction were not affected
late independently of PSI, PSII, the cytochrome b6f com-further by adding antimycin A (t  38 s). These results
plex, and F1F0 ATPase and that the destabilization ofindicate that PGR5 functions in a cyclic electron flow
PGR5 does not affect the accumulation of these com-around PSI, which is inhibited by antimycin A.
plexes.
PGR5 Can Stably Accumulate in Mutants of Major
Complexes of Photosynthetic Electron Transport The PGR5 Pathway Functions to Induce NPQ
when Electron Acceptors from PSI Are LimitedPGR5 is a novel thylakoid protein (Figure 2), and its
destabilization affects the activity of cyclic electron Cyclic electron flow around PSI is thought to downregu-
late PSII activity by acidifying the thylakoid lumen. Totransport around PSI (Figure 4). It is possible that PGR5
is an accessory subunit of major complexes of the pho- demonstrate the function of the PGR5 pathway in the
induction of NPQ, we monitored NPQ induction duringtosynthetic electron transport, which functions prefer-
entially in cyclic electron transport around PSI. To as- the dark-to-light (80 E/m2s) transition. Figure 6A shows
NPQ induction patterns in the air for the wild-type, pgr5,sess this possibility, PGR5 levels were analyzed in
several mutants lacking the major thylakoid membrane and the mutant npq4-1, which cannot induce thermal
dissipation due to the lack of PsbS, an essential, specificcomplexes, F1F0 ATPase (dpa1), the cytochrome b6f
complex (hcf118), PSI (hcf101), and PSII (hcf107) subunit for thermal dissipation (Li et al., 2000). In the
wild-type, NPQ (0.8) was transiently induced within 1(Meurer et al., 1996; Felder et al., 2001). Figure 5A shows
that PGR5 accumulated at levels comparable to those of min and relaxed to 0.2 within 2 min postinduction (Figure
6A). In contrast, npq4-1 lacked this rapid and transientthe wild-type. We conclude that PGR5 can accumulate
Photoprotection by PSI Cyclic Electron Flow
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Figure 7. High Light Sensitivity of Both Photosystems
Plants grown at 50 E/m2s were exposed to high light intensity
(1500 E/m2s) for 10 min. The photoinhibition of PSII and PSI was
calculated from the maximum activities of both photosystems, Fv/
Fm (PSII) and Amax (PSI). Bars represent the maximum activity of
photosystems after high light stress as relative values of the maxi-
mum activity in the wild-type before the stress (100%). Means 
SD (n  5).
conditions in which the availability of NADP is limited,
such as during the dark-to-light transition and in CO2-
free air, thermal dissipation was induced by lumenal
acidification generated by the PGR5-dependent alterna-
tive electron flow.
PSI Is Hypersensitive to High Light
Illumination in pgr5Figure 6. Time Courses of Induction and Relaxation of NPQ
One of the typical features of pgr5 was the reducedInduction and relaxation of NPQ were monitored for 4 min at 80
state of P700 at a high light intensity (Figure 1D). It hasE/m2s illumination (a white bar) and for 1 min in the dark (a black
been suggested that reduction of P700 in light can leadbar), respectively, in the wild-type (wt), pgr5, and npq4-1. Analysis
was performed in the air (A) or in CO2-free air (B). Means  SD to photodamage of PSI under stress conditions such as
(n  3). low temperature (Sonoike, 1996). To assess the high-
light sensitivity of PSI in pgr5, plants grown at 50E/m2s
were exposed to a high light intensity (1500 E/m2s)
for 10 min (Figure 7). To monitor the PSI damage, theinduction of NPQ, indicating that NPQ is related to ther-
mal dissipation. Thermal dissipation is induced by the maximum level of P700 was measured by a xenon flash
under a far-red light background, before and after highacidification of the thylakoid lumen, which occurs as a
consequence of balance between the generation and light illumination. The decrease in the P700 level after
high light illumination is caused not only by photoinhibi-relaxation of pH. Thus, thermal dissipation is observed
during the induction period of photosynthesis, when the tion of PSI but also by an overreduced stromal state
(Endo et al., 1999) and the activated cyclic electron flowrelaxation of lumenal acidification by ATPase activity is
not fully induced. NPQ was rapidly relaxed in the light, (Cornic et al., 2000). To evaluate the extent of PSI photo-
inhibition, MV was infiltrated into the apoplast of leavesbecause 80 E/m2s was insufficient to induce thermal
dissipation during steady-state photosynthesis. Inter- after the high-light treatment. Electron acceptance from
PSI by MV restored the maximum oxidation of P700.estingly, pgr5 completely lacked this transient increase
in NPQ (Figure 6A), indicating that the thylakoid lumen In the wild-type, less than 10% of PSI was damaged,
whereas in pgr5, up to 60% of PSI was damaged. Wewas not acidified enough to induce thermal dissipation.
Figure 6B shows NPQ induction in CO2-free air in the also determined the extent of PSII photodamage by
measuring the maximum PSII activity (a chlorophyll fluo-wild-type, pgr5, and npq4-1. In the wild-type, NPQ was
induced up to 1, and was not relaxed during actinic light rescence parameter, Fv/Fm). PSII photodamage was
only slightly greater in pgr5 than in the wild-type. Theseillumination in CO2-free air because the relaxation of
lumenal acidification was suppressed by reduced CO2- results indicate PSI photodamage occurs prior to PSII
photodamage in pgr5. We conclude that the PGR5 path-fixation activity. Due to the defect in PsbS, npq4-1 could
not induce thermal dissipation under such conditions. way is essential for the photoprotection of PSI.
A marginally higher NPQ (0.4) was induced in pgr5 than
in npq4-1. A part of the remaining NPQ in pgr5 was Discussion
relaxed in the dark within 1 min. Although pgr5 can
induce a small amount of thermal dissipation, the level PGR5 Functions in Cyclic Electron
Flow around PSIwas much lower than that induced in the wild-type. This
result suggests that pgr5 cannot acidify the thylakoid Our results indicate that electron transport from ferre-
doxin to plastoquinone is impaired in pgr5 (Figure 4).lumen when the CO2-fixation activity is reduced. Under
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This electron transport pathway may function in cyclic al., 2001). It is possible that the PGR5-related complex
electron flow around PSI in vivo. Although the discovery functions to donate electrons to this FNR, consequently
of cyclic electron flow around PSI occurred approxi- reducing cytochrome b6.
mately 50 years ago (Arnon et al., 1954, 1967; Arnon, In addition to the PGR5-dependent cyclic electron
1959; Tagawa et al., 1963), molecular information con- pathway, the water-water cycle may also function as an
cerning this enigmatic pathway is still limited. However, electron acceptor from PSI (Makino et al., 2002). We
it is known that the chloroplastic NDH complex, which concluded that the O2-independent pathway was se-
is considered to have originated from a cyanobacterial verely affected in pgr5, because the phenotype is still
respiratory complex, functions in cyclic electron flow evident in N2 gas, where O2 reduction is negligible (Figure
around PSI in higher plants (Burrows et al., 1998; Shika- 3). Direct determination of the ferredoxin-dependent
nai et al., 1998). plastoquinone reduction activity also confirmed our
The following three reasons support the idea that conclusion (Figure 4). However, we still cannot rule out
PGR5 is not involved in NDH activity. (1) The transient the possibility that the activity of O2-dependent alterna-
increase of chlorophyll fluorescence measured immedi- tive electron flow is also affected in pgr5. It remains a
ately after turning off an actinic light, attributable to the matter of discussion as to what donates electrons to O2
chloroplastic NDH activity (Burrows et al., 1998; Shikanai (Asada, 1999). Therefore, it is possible that O2 reduction
et al., 1998; Kofer et al., 1998), is not impaired in pgr5 is mediated by the PGR5-dependent pathway and that
(data not shown). (2) Plastoquinone reduction by ferre- the pgr5 mutation may lead to pleiotropic effects on
doxin is not affected in the absence of antimycin A in both cyclic electron transport around PSI and the water-
the tobacco ndhB knockout line (Figure 4; Endo et al., water cycle.
1998). (3) The effects of pgr5 mutations on electron
transport are different from those observed in the to- PGR5 Is Essential to Induce Thermal Dissipation
bacco NDH knockout lines (Figure 1; Burrows et al., Thermal dissipation plays a crucial role in the response
1998; Shikanai et al., 1998; Horva´th et al., 2000). There- of plants to rapid changes in light intensity (reviewed in
fore, we suggest that PGR5 functions in an alternative Horton et al., 1996; Niyogi, 1999). The energy dissipation
pathway of cyclic electron flow around PSI that may be is precisely controlled by thylakoid lumenal acidification
redundant with NDH. Considering the obvious pheno- so that it would not affect the photosynthetic activity
type of pgr5 in electron transport, we propose that the under light-limiting conditions (Munekage et al., 2001).
PGR5-dependent pathway is the main route of the cyclic Since the acidification of lumen depends on electron
electron flow around PSI, while the NDH-mediated path- transport, this regulation functions in a feedback man-
way may play a compensatory function (Peltier and ner. When the consumption of reducing power in CO2Cournac, 2002). assimilation is limited, electron transport may be slowed
Ferredoxin-dependent plastoquinone reduction activ- down by the acceptor limitation from PSI. Therefore, the
ity has been observed in earlier studies and was shown compensatory mechanism should be indispensable for
to be sensitive to antimycin A (Mills et al., 1979). Data maintaining a pH that induces thermal dissipation. In
are accumulating that suggest an inhibitory effect of
agreement with this prediction, we provide evidence
antymicin A on cyclic electron transport activity in vivo
that the PGR5-dependent electron transport pathway is
(Tagawa et al., 1963; Heber et al., 1978; Mills et al., 1978;
extremely important in the induction of thermal dissi-
Moss and Bendall, 1984). We also found that antimycin A
pation.impaired plastoquinone reduction by ferredoxin in wild-
Suppression of CO2-fixation activity leads to an accu-type thylakoids (Figure 4). By evaluating the kinetics
mulation of excess reducing power even at a low lightof plastoquinone reduction, we found that antimycin A
intensity. We propose that the PGR5-dependent elec-mimicked the pgr5 phenotype. However, the final level
tron flow generates an increased pH that induces ther-of plastoquinone reduction was higher in antimycin
mal dissipation under these conditions (Figure 6B). ItA-treated wild-type plants than in pgr5. A possible ex-
was somewhat unexpected that ETR was mostly unaf-planation is that antimycin A only partially inhibits the
fected in CO2-free air at a low light intensity in pgr5plastoquinone reduction activity. However, the double
(data not shown), considering that NPQ induction wasconcentration of antimycin A (20 M) did not change
severely impaired. This result suggests that electronsthe result (data not shown). Clarification of the entire
must route through the PGR5 pathway to induce thermalPGR5-dependent pathway, including the identification
dissipation by recycling electrons from ferredoxin to theof the antimycin A target site(s), will help to bridge the
cytochrome b6f complex, even when other alternativegap between our findings and current knowledge on the
pathway, probably the water-water cycle, can still ac-subject.
cept electrons from PSI.PGR5 is a small protein that lacks a metal binding
In comparison to CO2-free air conditions, it is difficultmotif (Figure 2). Therefore, it is unlikely that PGR5 medi-
to ascertain the contribution of the PGR5-pathway inates the electron transport from ferredoxin to plastoqui-
induction of thermal dissipation at high light intensitiesnone as an electron carrier. We speculate that the lack
in air, because linear electron transport is also affectedof PGR5 may destabilize or inactivate the complex cata-
(Figure 1B). Because the PGR5 pathway recycles elec-lyzing ferredoxin-dependent plastoquinone reduction.
trons to the linear pathway, it is difficult to understandHowever, accumulation of the major complexes func-
how the pgr5 defect affects the efficiency of PSII photo-tioning in photosynthetic electron transport was not af-
chemistry. This discrepancy can be explained by thefected in pgr5 (Figure 5B). Recently, the association of
idea that the PGR5 pathway contributes to the genera-ferredoxin-NADP reductase (FNR) with the cytochrome
b6f complex was reported in higher plants (Zhang et tion of ATP required for CO2 fixation at high light intensi-
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Isolation of Chloroplaststies. ATP depression in pgr5 may cause the over-reduc-
Leaves of 4- to 5-week-old plants were homogenized in a mediumtion of the stroma, leading to reduced linear electron
containing 330 mM sorbitol, 20 mM Tricine/NaOH (pH 7.6), 5 mMtransport. It is thus possible that cyclic electron flow
EGTA, 5 mM EDTA, 10 mM NaCO3, 0.1% (w/v) BSA, and 330 mg/laround PSI is essential for ATP synthesis during photo- ascorbate. After centrifugation for 5 min at 2000 	 g, the pellet was
synthesis, as it is in photoprotection. resuspended in 300 mM sorbitol, 20 mM HEPES/KOH (pH 7.6), 5
mM MgCl2, and 2.5 mM EDTA. Intact chloroplasts were purified by
passing through 40% Percoll.
PGR5 Is Essential for the Photoprotection of PSI
In Vitro Assay of Linear Electron Transport ActivityIt is generally accepted that PSII is a primary target of
Intact chloroplasts (10 g chlorophyll/ml) were osmotically rupturedphotoinhibition (Aro et al., 1993) and that PSI is damaged
in a medium containing 50 mM HEPES/NaOH (pH 7.6), 7 mM MgCl2,under limited conditions such as low temperature and
1 mM MnCl2, 2 mM EDTA, 30 mM KCl, and 0.25 mM KH2PO4. Linearlow light illumination (Sonoike, 1996). It was surprising
electron transport activity was measured in AL with electron ac-
that PSI was damaged during high light illumination ceptors, 25 M MV or 5 M ferredoxin purified from maize, and 1
(1500 E/m2s for 10 min) prior to PSII photodamage mM NADP.
even at room temperature in pgr5 (Figure 7). In low
In Vitro Assay of Ferredoxin-Dependent Plastoquinonetemperature-sensitive plants such as cucumber, the
Reduction Activitymolecular mechanism of PSI photodamage is well un-
Ferredoxin-dependent plastoquinone reduction activity was mea-derstood (Sonoike, 1996). At low temperature, limitation
sured in ruptured chloroplasts as previously described (Endo et al.,
of electron acceptors from PSI, which is induced by 1998). As electron donors, 5 M maize ferredoxin and 0.25 mM
reduced CO2-fixation activity, causes electrons to be NADPH were used.
trapped by electron carriers in the acceptor side of PSI
Map-Based Cloning(FX and FA/FB). The reduced form of these electron carri-
The pgr5 mutation was mapped using molecular markers based oners reacts with superoxide, resulting in the production
a cleaved amplified polymorphic sequence (Konieczny and Ausubel,of hydroxyl radicals, which damage PSI. pgr5 exhibited
1993) and simple sequence length polymorphism (Bell and Ecker,
charge recombination of P700 at high light intensities 1994). Genomic DNA was isolated from F2 plants derived from the
and in CO2-free air even at low light intensities, indicating cross between pgr5 (genetic background of Columbia gl1) and the
that the metal centers in the acceptor side of PSI are wild-type (Landsberg erecta). Homozygous F2 plants (pgr5/pgr5)
exhibiting the high chlorophyll fluorescence phenotype were se-overreduced. We postulate that PSI is damaged in pgr5
lected as described previously (Shikanai et al., 1999). At2g05620in a similar process with that occurring in low tempera-
was amplified by PCR using Ex Taq DNA polymerase (Takara, Kyoto,ture-sensitive plants. This fact highlights the critical
Japan) from the genomic DNA of the wild-type and pgr5. The PCR
function of PGR5 in the photoprotection of PSI. products were directly sequenced using a dye terminator cycle se-
quencing kit and an ABI prism377 sequencer (Perkin-Elmer, Nor-
walk, CT).Experimental Procedures
For complementation of the pgr5 mutation, the wild-type genomic
sequence including At2g05620 was amplified from the BAC clonePlant Materials and Growth Conditions
T20G20 (from ATCTTGTGATCATGTGGTGC to CCAAGCGCATTAArabidopsis thaliana wild-type (ecotype Columbia gl1) and pgr5
GAAGAAGA). The PCR product was subcloned into pBI101. Thewere grown on soil under growth chamber conditions (50 E/m2s, 16
resulting plasmid was introduced into the Agrobacterium tumefa-hr light:8 hr dark cycles at 23
C) for 4–5 weeks. pgr5 was previously
ciens pMP40 strain and then into homozygous pgr5 plants.referred to as CE11-1-1 (Shikanai et al., 1999).
Immunoblot Analysis
Analysis of Chlorophyll Fluorescence Total cellular protein (8 g) was fractionated through 15% SDS-
An image of chlorophyll fluorescence was captured by a CCD cam- PAGE and transferred to nitrocellulose membrane. Immunodetec-
era after 1 min illumination of AL (300 E/m2s), as described pre- tion with antibodies against an individual subunit of PSII, PSI, and
viously (Shikanai et al., 1999). Chlorophyll fluorescence parameters the cytochrome b6f complex was performed as described in Meurer
were measured using a MINI-PAM portable chlorophyll fluorometer et al. (1996). PGR5 was detected using rabbit antibodies prepared
(Walz, Effeltrich, Germany). The minimum chlorophyll fluorescence against a peptide antigen, ADAKQRQGLIRLAKKNGERL, conjugated
at the open PSII center (Fo) was determined by measuring light (655 with keyhole limpet hemocyanin.
nm) at a light intensity of 0.05–0.15 E/m2s. A saturating pulse of
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